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The realized productivity of crop plants is generally lower than the potential productivity due to the
influence  of  one  or  more  external  stresses  (biotic  and  abiotic).  Simultaneous  occurrence  of
combination of abiotic stresses, which is more common under field condition, results in compounded
effect on functional processes. Main focus of the present work is the combined effect of drought and
light (irradiance) on rice plants. Potted seedlings of four selected rice lines (viz., IR36, N22, CRD40 and
Bhootmuri) were exposed to three different levels of drought stress (50%, 25%, 12.5% of water) along
with control (100%) in combination with three different light intensities (high, medium and low) during
experimental  period.  After  7  days  of  stress,  plant  height  and  relative  water  content  (RWC)  were
relatively low while root length increased with increasing water stress level and light intensity. Protein
content increased with increasing water stress and light intensity, while chlorophyll level was higher at
higher  light  intensities.  Malondialdehyde (MDA) content,  indicative of  lipid  peroxidation,  increased
with water  stress  only at  high light intensities.  Superoxide dismutase (SOD),  peroxidase (POX) and
ascorbate peroxidase (APX) activities increased with combined drought and light stress level, whereas
catalase  (CAT)  activity  was  higher  at  higher  light  intensities.  On  the  other  hand,  superoxide (O 2.-)
production, but not hydrogen peroxide (H2O2) production was higher with increasing water stress and
light intensity. It appears that light-induced ROS (O2.-) production under drought condition provoked
oxidative stress, though a potential mechanism of tolerance was apparent through antioxidant system. 
Introduction
Recent  issues  of  global  warming  and  associated
climate errors have been a big alert for crop plants,
which  are  increasingly  subjected  to  different  biotic
and abiotic stresses and their combinations affecting
growth and yield (1–4). In nature,  plants  are always
likely  to  be  exposed  to  different  types  of  abiotic
stresses viz. drought, flooding, salinity, heat, cold and
others (5–8). However, under field conditions, stresses
may often occur in combinations, like drought along
with heat or high light intensity, conditions which are
very  common  to  most  of  the  crop  growing  areas,
particularly  in  India.  Interestingly,  impact  of  such
combinations may not always be additive, depending
on the nature of interacting stresses (3, 9–13). Rather,
some new responses may become apparent because of
stress  combination,  besides  those  that  appear
commonly in response to individual stresses. A stress
matrix has been developed considering the responses
of plants due to interactions among different stresses
reflecting both the negative  and positive impacts  on
plant growth and development (1, 14). 
Rice  is  one  of  the  most  important  food  crops,
consumed  by  almost  half  of  the  world’s  human
population and it is one of those few plants, of which
every  part  is  used,  nothing  is  discarded.  Drought  is
most  threatening  abiotic  stress  that  reduces  rice
production  globally  (15)  because  rice  needs  huge
amount of water for its growth and development. In
addition,  most often crop plants growing in drought
hit areas may encounter other stresses (e.g. heat, light,
salinity) in combination with drought (16, 17). 
A  plethora  of  research  has  been  done  on
responses of crop plants individually to drought and
light (irradiance), and the effect of drought combined
with  heat  or  salinity,  but  a  little  attention has  been
paid so far to the combined effect of drought and light
on  rice  plants.  Actually  in  India,  drought  is  very
common and in  combination  with  bright  sunlight  it
becomes  more  stressful  for  plants.  Present  work  is
mainly  focused  on  combined  effect  of  drought  and
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light  (irradiance)  on  rice  plants  as  reflected  in
different  physiological  and  biochemical  traits
including oxidative metabolism.
Materials and Methods
Plant  material,  growth condition  and induction
of stress
Four rice lines were selected for this study viz. IR36,
N22,  CRD40  and  Bhootmuri,  of  which  IR36  is  a
popular  high  yielding  rice  variety,  N22  and  CRD40
are  two drought  tolerant  lines  and  Bhootmuri  is  a
traditional rice variety of West Bengal (India). Seven
day old seedlings were raised after germinating seeds
on  moist  cotton  pad  in  Petri  dishes  and  then
transferred  to  small  pots  containing  equal  mix  of
autoclaved  natural  soil  and  soilrite.  Pots  were
maintained  in  a  Plant  Growth  Chamber
(Weisstechnik,  Germany)  under  three  regimes  of
photon  flux  densities  (Low-  20  µmoles  m-2 s-1,
Medium- 154 µmoles m-2 s-1, High- 266 µmoles m-2 s-1)
in  combination  with  four  levels  of  water  status
(Control – 100%, S1 – 50%, S2 – 25%, S3 – 12.5% by
manipulating  application  of  water).  Humidity  was
maintained at 70% while daily temperature cycle was
30°/26 °C (day/night).  After 4  days  of  establishment
period  and  7  days  of  stress  period,  18  days  old
seedlings  were  subjected  to  physiological  and
biochemical  analyses  for  assessment  of  stress
responses.
Physiological studies
Different  physiological  parameters  such  as  plant
height  (cm)  and  root  length  (cm),  supported  by
representative  photographs  and  relative  water
content  (RWC  %),  indicative  of  plant  water  status,
were studied. RWC of the leaves were calculated by
the following formula (18):
 RWC (%) = (FW-DW/TW- DW) x100
(Where,  FW-  Fresh  Weight,  DW-  Dry  Weight,  TW-
Turgid Weight).
Biochemical analyses
Total chlorophyll and protein content 
Content  of  total  chlorophyll  was  determined
spectrophotometrically  following  the  standard
method (19). After extraction of the leaf tissues with
acetone  (80%)  absorbance  of  the  supernatant  was
read  at  645  nm  and  663  nm  with  a  UV-  Vis
spectrophotometer  (Systronics,  India)  and  the  total
chlorophyll content was calculated using the formula:
Content of total chlorophyll (mg/g tissue) = 
20.2(A645) + 8.02(A663) x V/(1000 x W) 
[where, A645  and A663  – absorbance at 645 nm and 663
nm,  respectively,  V  =  total  volume  used  (ml),  W-
amount of plant materials taken (g)].
Total soluble protein content was measured from the
above pellets  after chlorophyll  extraction according
to the standard methods using Folin phenol reagent
(20). 
Malondialdehyde (MDA) content
MDA,  a  product  of  polyunsaturated  fatty  acid
peroxidation in plants, was quantified in leaf tissues
following the method (21) with some modifications.
Leaves  were  homogenized  in  0.1%  (w/v)
trichloroacetic  acid  (TCA)  and  centrifuged  at  12000
rpm for 15 min at 4 °C. Supernatant was then mixed
with  20%  TCA  containing  0.5%  thiobarbituric  acid
(TBA), which was incubated at 95 °C for 25 min. Then,
the  reaction  was  stopped  by  cooling  on  ice  and
absorbance was read at 535 nm and 600 nm. MDA
concentration  was  determined  with  an  extinction
coefficient  ԑM  = 155  mM-1  cm-1  and  the  content  was
expressed as µM g-1 tissue.
Antioxidant enzymes
Activities of four important antioxidant enzymes viz.,
superoxide  dismutase,  catalase,  peroxidase  and
ascorbate peroxidase were studied.
Superoxide dismutase (SOD, EC 1.15.1.1) 
SOD  enzyme  activity  was  determined  (22).  Leaf
sample was homogenized with potassium phosphate
buffer (pH 7.8) and centrifuged twice at 7000 rpm (5
min) and 12000 rpm (20 min). The supernatant was
then used as crude enzyme extract. Enzyme extract
was reacted with a mixture of 1.3 µM riboflavin, 13
µM methionine, 0.05 M sodium carbonate and 63 µM
NBT under illumination (white fluorescent lamps) for
30 min. A similar set was run in the dark as a control.
Absorbance  was  read  at  560  nm  by  a  UV-Vis
spectrophotometer (Systronics, India). 
Catalase, Peroxidase, Ascorbate peroxidase (CAT,
POX and APX)
Enzymes  were  extracted  from  leaf  samples  by
homogenizing in cold 0.05M phosphate citrate buffer
(pH 6.0) followed by centrifugation at 5000 rpm for
10 min at 4 °C. The supernatant was used as crude
enzyme source. 
Assay for CAT activity
CAT activity (EC 1.11.1.6) was determined following
the  method  (23).  The  active  set  was  prepared  by
adding  H2O2 (4.5  mM)  to  the  same  amount  of
diluted enzyme extract and then incubated at 37 °C
for 5 min. The reaction was terminated by adding
0.8%  titanium  sulphate  [Ti(SO4)2].  In  case  of  the
inactive  set,  enzyme  extract  was  pre-killed  by
adding 0.8% titanium sulphate before reacting with
H2O2. Absorbance was read at 420 nm. 
Assay for POX and APX activity
For the assay of POX activity  (EC 1.11.1.7) enzyme
extract  was  incubated  with  50  mM  phosphate
buffer (pH 6.8), H2O2 (25 mM), pyrogallol  (15 mM)
for 2 min at 25 ºC. The reaction was terminated by
adding  5%  H2SO4.  Activity  was  determined  by
quantifying  the  amount  of  purpurogallin,  the
product  of  pyrogallol  oxidation  by  measuring
absorbance  at  430  nm following  the  method (24).
For APX assay (EC 1.11.1.11),  the  same procedure
was  followed  except  using  ascorbate  (0.5  mM)  as
the  substrate  in  place  of  pyrogallol.  Absorbance
was read at 265 nm by a UV-Vis spectrophotometer
(25). 
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Enzyme activity 
For all  the four antioxidant  enzymes,  activity  was
determined  by  the  standard formula  (26): (ΔA  ×
T)/(t  ×  v  ×  w) where,  ΔA  =  Absorbance  active  -
Absorbance  inactive,  T  =  total  volume  of  enzyme
extract, t  =  time  of  incubation,  v  =  volume  of
enzyme  in  the  reaction,  w  =  weight  of  the  leaf
tissue.
Estimation of total superoxide (O2.-)
Total  O2.- production  in  the  leaves  was  measured
spectrophotometrically  following  the  method  (27)
with  little  modifications.  Leaf  samples  were
homogenized in 0.5 mM epinephrine solution and
incubated in a shaker (REMI CM-101 PLUS) for 45
min  at  room  temperature  under  dark  condition.
Then the samples  were centrifuged for  10 min at
5000 rpm and the absorbance of the supernatants
was  measured  at  480  nm  by  UV-VIS
Spectrophotometer  (Systronics,  India).  O2.-
production  was  calculated  using  an  extinction
coefficient of 4020 M-1  cm-1 and expressed as µM g-1
tissue.
Estimation of total hydrogen peroxide (H2O2)
Total H2O2  production of rice leaves was estimated
using  the  xylenol  orange  assay  following  the
method  (28)  with  little  modifications.  The  assay
mixture  was  prepared  by  using  two  reagents,  1
part of reagent A [containing 25 mM FeSO4, 25 mM
(NH4)2 SO4 and  2.5  M  H2SO4]  and  100  parts  of
reagent  B (containing 125 μM xylenol  orange and
100 mM sorbitol) which was mixed and stirred for
15 min.  Weighed  leaf  samples  were homogenized
in the above assay mixture and then shaken for 90
min  in  a  shaker  (REMI  CM-101  PLUS)  at  room
temperature  under  dark  condition.  Then,  the
samples were centrifuged at 5000 rpm for 10 min
and  the  absorbance  of  the  supernatants  was
measured at 560 nm by UV-VIS Spectrophotometer
(Systronics, India).  H2O2  production was calculated
using a standard curve with known concentrations
of H2O2 and expressed as ng g-1 tissue min-1.
Statistical analyses 
All the experimental data are presented as means
of  three  replicates,  except  shoot  and  root  growth
analysis  where  ten  replicates  were  taken  and
standard error around mean was shown as vertical
bar  in  the  figures.  Two  way  ANOVA  with
interactions were performed using R (open source
statistical  software)  to  determine  statistical
significance  of  the  experimental  data  at  p  <  0.05
level.
Results
Among the physiological parameters, shoot growth
studies  showed  that  at  low  light  intensity  plant
height was relatively lower and did not vary much
with increasing water stress in case of all varieties,
as  revealed  by  photographs  (Fig.  1)  as  well  as
measurements  (Fig.  4).  However,  at  medium  and
high  light  intensities  plant  height  declined
significantly with increasing level of water stress in
all the varieties and such reduction in plant height
was more severe  at  high  light  intensity  (Fig.  2-4).
Considering  only  light  intensity,  shoot  growth
increased with increasing light intensity except for
S3,  although  increase  was  less  at  high  light
intensity.  Among  the  four  selected  varieties,
Bhootmuri maintained maximum plant height.  On
the  other  hand,  root  growth,  as  depicted  by  the
photographs  (Fig.  5-7)  and  bar  graph  (Fig.  8)
proportionately  increased  with  higher  drought
stress  more  prominently  in  IR36  and  again  root
growth  was  more  at  higher  intensities  of  light.
RWC,  indicative  of  water  status,  of  leaves
decreased much with increasing drought stress in
case  of  all  varieties  and  increased  light  intensity
caused further decline in RWC under water stress
(Fig. 9). 
Overall  content  of  total  chlorophyll  was
relatively very low at low light intensity except in
N22  variety,  while  it  was  maximum  at  medium
light  (in  case  of  Bhootmuri)  or  both  medium and
high  light  intensities  (in  all  other  varieties)  (Fig.
10).  On  the  other  hand,  with  increasing  level  of
water  stress  chlorophyll  content  of  leaves
increased till S2 level (25% water content) except at
low  light  in  case  of  all  varieties.  N22  variety
showed  highest  amount  of  chlorophyll  content
even  at  the  extreme  level  of  combination  stress.
Similarly,  amount  of  total  protein  was  also
minimum  at  low  light,  but  became  higher  at
medium  light  intensity  while  it  was  somewhat
lower  again  at  high  light  intensity  except  in  N22
variety  (Fig.  11).  With  increasing  water  stress,
however, protein content increased, increase being
maximum at S3 level (12.5% water status)  in case
of all varieties.
Lipid peroxidation, one of the major effects of
water  stress  as  a  consequence  of  oxidative
metabolism  (through  production  of  ROS),  is
indicated by MDA content. There was little change
in  MDA  content  that  increased  only  marginally
with  light  intensity  and  increasing  level  of  water
stress except in S3 plants exposed to highest level
of  stress  (12.5% water  status)  at  high  light  where
the content shoot up to almost 2-3 times (Fig. 12).  
Among  the  antioxidant  enzymes,  SOD  is
considered as the first line of defence. Here, in case
of all the varieties SOD activity showed an increase,
though marginally  in CRD40, with increasing light
intensity  (Fig.  13).  In  case  of  S1  plants  (50%  of
water) and S2 plants (25% of water) but not in S3
plants (12.5% of water) activity became lower than
control  particularly  at  low  light.  At  medium  and
high light  intensity SOD activity  was more or less
unchanged  with  water  stress.  In  case  of  CAT,
overall  activity  was  very  low  at  low  intensity  of
light compared to that of plants grown at medium
and high light  intensity  (Fig.  14).  However,  water
stress  has  differential  effect  on  such  activity  at
different  light  intensity.  Thus,  at  medium  light,
activity increased to maximum at S1 level (CRD40
variety)  or  S2  level  (N22  variety)  except  in
Bhootmuri  where activity  was lower than  control
at S1 and S2 level while it was highest at S3 level.
At  high  light,  CAT activity  more or  less  increased
with increasing water stress.
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Fig. 1. Photographs of representative plants showing changes in shoot length in response to combination of low light intensity 
( 20 µmoles m-2 s-1) and different water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties – Bhootmuri (A),
CRD 40 (B), IR36 (C) and N22 (D).
Fig. 2. Photographs of representative plants showing changes in shoot length in response to combination of medium light intensity (154
µmoles m-2 s-1) and different water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties – Bhootmuri (A), CRD
40 (B), IR36 (C) and N22 (D). 
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Fig. 3. Photographs of representative plants showing changes in shoot length in response to combination of high light intensity (266
µmoles m-2 s-1) and different water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties – Bhootmuri (A), CRD
40 (B), IR36 (C) and N22 (D). 
Fig. 4. Changes in plant height in response to combination of different light intensities [Low (20 µmoles m-2 s-1) Medium (154 µmoles m-2 s-1),
High (266 µmoles m-2 s-1)] and water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties – Bhootmuri (A), CRD
40 (B), IR36 (C) and N22 (D). Vertical bars represent ±SE.
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Fig. 5. Photographs of root portions from representative plants showing changes in root length in response to combination of low light
intensity ( 20 µmoles m-2 s-1) and different water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties –
Bhootmuri (A), CRD 40 (B), IR36 (C) and N22 (D).
Fig. 6. Photographs of root portions from representative plants showing changes in root length in response to combination of medium
light intensity ( 154 µmoles m-2 s-1) and different water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties –
Bhootmuri (A), CRD 40 (B), IR36 (C) and N22 (D). 
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Fig. 7. Photographs of root portions from representative plants showing changes in root length in response to combination of high light
intensity ( 266 µmoles m-2 s-1) and different water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties –
Bhootmuri (A), CRD 40 (B), IR36 (C) and N22 (D).
Fig. 8. Changes in root length in response to combination of different light intensities [Low (20 µmoles m-2 s-1) Medium (154 µmoles m-2 s-1),
High (266 µmoles m-2 s-1)] and water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties – Bhootmuri (A), CRD
40 (B), IR36 (C) and N22 (D).Vertical bars represent ±SE.
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Fig. 9. Changes in relative water content (RWC) in response to combination of different light intensities [Low (20 µmoles m-2 s-1) Medium
(154 µmoles m-2 s-1), High (266 µmoles m-2 s-1)] and water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties –
Bhootmuri (A), CRD 40 (B), IR36 (C) and N22 (D). Vertical bars represent ±SE.
Fig. 10. Changes in chlorophyll content in response to combination of different light intensities [Low (20 µmoles m-2 s-1) Medium (154
µmoles m-2 s-1), High (266 µmoles m-2 s-1)] and water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties –
Bhootmuri (A), CRD 40 (B), IR36 (C) and N22 (D). Vertical bars represent ±SE
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Fig. 11. Changes in protein content in response to combination of different light intensities [Low (20 µmoles m-2 s-1) Medium (154 µmoles m-
2 s-1), High (266 µmoles m-2 s-1)] and water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties – Bhootmuri (A),
CRD 40 (B), IR36 (C) and N22 (D). Vertical bars represent ±SE.
Fig. 12. Changes in malondialdehyde (MDA) content in response to combination of different light intensities [Low (20 µmoles m -2 s-1)
Medium (154 µmoles m-2 s-1), High (266 µmoles m-2 s-1)] and water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice
varieties – Bhootmuri (A), CRD 40 (B), IR36 (C) and N22 (D). Vertical bars represent ±SE.
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Fig. 13. Superoxide dismutase (SOD) activity in response to combination of different light intensities [Low (20 µmoles m -2 s-1) Medium (154
µmoles m-2 s-1), High (266 µmoles m-2 s-1)] and water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties –
Bhootmuri (A), CRD 40 (B), IR36 (C) and N22 (D). Vertical bars represent ±SE.
Fig. 14. Catalase (CAT) activity in response to combination of different light intensities [Low (20 µmoles m-2 s-1) Medium (154 µmoles m-2 s-
1), High (266 µmoles m-2 s-1)] and water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties – Bhootmuri (A),
CRD 40 (B), IR36 (C) and N22 (D). Vertical bars represent ±SE.
POX  is  an  important  enzyme  of  antioxidant
system  and  its  activity  clearly  increased  gradually
with increasing level of drought (Fig. 15).  However,
activity  did  not  change  much with  increasing  light
intensity at least in case of IR36 and N22 varieties. In
all cases the activity was highest at S3 level of water
stress at high light. On the other hand, overall activity
of  APX,  like  CAT,  was  lowest  at  low  light  in  all
varieties  (Fig.  16).  Activity  increased  considerably
with water stress as well as increasing light intensity
except in Bhootmuri where overall activity was lower
at high light than in medium light.
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Fig. 15. Peroxidase (POX) activity in response to combination of different light intensities [Low (20 µmoles m-2 s-1) Medium (154 µmoles m-2
s-1), High (266 µmoles m-2 s-1)] and water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties – Bhootmuri (A),
CRD 40 (B), IR36 (C) and N22 (D). Vertical bars represent ±SE.
Fig. 16. Ascorbate Peroxidase (APX) activity in response to combination of different light intensities [Low (20 µmoles m -2 s-1) Medium (154
µmoles m-2 s-1), High (266 µmoles m-2 s-1)] and water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties –
Bhootmuri (A), CRD 40 (B), IR36 (C) and N22 (D). Vertical bars represent ±SE.
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Fig. 17. Production of superoxide (O2•‾) in response to combination of different light intensities [Low (20 µmoles m-2 s-1) Medium (154
µmoles m-2 s-1), High (266 µmoles m-2 s-1)] and water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties –
Bhootmuri (A), CRD 40 (B), IR36 (C) and N22 (D). Vertical bars represent ±SE.
Fig. 18. Production of hydrogen peroxide (H2O2) in response to combination of different light intensities [Low (20 µmoles m-2 s-1) Medium
(154 µmoles m-2 s-1), High (266 µmoles m-2 s-1)] and water stress levels [Control (C, 100%), S1 (50%), S2 (25%), S3 (12.5% )] in 4 rice varieties
– Bhootmuri (A), CRD 40 (B), IR36 (C) and N22 (D). Vertical bars represent ±SE.
Total  O2.- production,  as  a  whole,  increased
almost  in  all  the  varieties  with  increasing  level  of
water stress, being abruptly high in case of S3 plants
of Bhootmuri variety (Fig. 17 ). Again the overall level
of  O2.- was  low at  low light  while  it  was  higher  at
medium and high light intensity in all the varieties. A
different  scenario  was  found  in  case  of  H2O2
production (Fig. 18). The H2O2 level was pretty high at
low light in case of Bhootmuri and to some extent in
N22 variety, but the level fell down to minimum at
higher light intensities except in S3 plants (exposed to
highest level of water stress) of Bhootmuri, IR36 and
N22 varieties.
Discussion
Light  and  water  are  two  vital  needs  of  plants
regulating  their  survival,  growth  and  productivity
(29–31) and scarcity or abundance of any of them is
injurious  to  crop  plants,  thereby  limiting  crop
productivity  (32,  33).  In  natural  condition,  plant  is
exposed  to  multiple  stresses  and  their  response  in
combinatorial  stress  is  markedly  different  from
individual  stresses (34).  Many developed transgenic
plants  showed  tolerance  to  individual  stress  but
failed to exhibit tolerance in natural condition due to
multiple  stresses  in  field  condition  (14).
Combinatorial  stresses  may  be  synergistic  or
antagonistic to each other, such as drought and ozone
stress  acts  synergistically  but  many  other
combinations of stress like drought and heat, drought
and pathogen, drought and UV, drought and nutrient
acts  antagonistically  (14).  Present  study  with  four
varieties (Bhootmuri, CRD40, IR36, N22) of rice (Oryza
sativa) also showed differential effect when exposed
to combination of light and drought stress compared
to individual stresses. 
Plant growth is the foremost process affected by
water  stress.  Thus,  although  aboveground  shoot
portion  of  the  rice  varieties  increased  their  height
when  exposed  solely  to  increasing  light,  it  greatly
reduced when light  was given in combination with
drought  stress  (Fig.  1-4).  This  is  possibly  due  to
oxidative stress developed through generation of ROS
in the chloroplasts by intense light under water stress
in spite of a positive role of light in growth. However,
root length,  unlike shoots,  increased in response to
light  as  well  as  drought  and  enhancement  of  root
length  was  more  augmented  due  to  synergistic
combination of both stresses (Fig. 5-8). Drought stress
is already known to have such differential effect, as
observed in case of Vigna radiata seedling and also in
other plants where shoot growth was prevented but
root  growth  increased  under  mild  water  stress,
possibly  as  an  adaptive  response  for  searching  of
new  water  sources  (35–38).  Similarly,  light  may
enhance root growth (light escape growth) in search
of  dark  places  (39).  Studies  have  shown  that  light
penetrates  the  soil  surface  for  certain  depth
depending on texture of soil  as well  as quality  and
fluence  of  light  (40).  Additionally,  light  can  also
penetrate into root through xylem elements using the
internal  reflectance property of  this  tissue (41,  42).
RWC,  mainly  reflecting  water  status  of  shoot,
decreased with increasing light and water stress (Fig.
9)  indicating  an  influence  of  light  on water  stress-
induced  lowering  of  leaf  water  level.  A  similar
aggravated  decline  in  RWC  of  rice  leaves  was  also
reported under combined water and light stress (43).
Desiccation-induced  drop  in  leaf  RWC  can  be
correlated  with  light-induced  chloroplast  avoidance
movement  (44)  that  appears  to  alleviate  photo
inhibition  usually  aggravated  under  water  stress.
Interestingly,  although  there  was  clear  down
regulation of photosynthesis  in rice with increasing
water  and  light  stress  (43),  in  the  present  study
chlorophyll content of rice leaves showed an increase
with increasing level of  water  stress,  at  least  up to
medium light  intensity,  in case of all  varieties (Fig.
10). The exact reason for such increase is not clear.
Generally drought stress reduces chlorophyll content
through the production of ROS in chloroplast, which
adversely  affect  chlorophyll  biosynthesis  and  also
cause its  destruction (45–48) However,  there is  one
report  on  chick  pea  (Cicer  arietinum  L.)  where
chlorophyll and carotenoid content increased under
mild  drought  stress,  which  may  be  related  to  a
reduced leaf area. It can be a defensive response for
plants  to  minimize  the  harmful  effects  of  drought
stress (49,  50).  Similarly,  in  case of  protein content
also, a similar pattern of increase was noted (Fig. 11).
Many  genes  are  expressed in  stressful  condition  to
cope  up  with  unfavourable  condition  and
subsequently  protein  level  changes  in  cell  during
stress  (51,  52).  In the  present  study also  it  may be
speculated that increase in protein level may be due
to expression of some stress-induced genes.
Major  target  of  most  stresses  is  the  cellular
membranes  that  undergo lipid  peroxidation caused
by  stress-induced  ROS  resulting  in  production  of
MDA,  which  is  an  indication  of  stress  injury  (53).
Reports  are there  about  drought-induced  lipid
peroxidation  in  few  varieties  of  rice  (54).  Present
study  also  indicates  a  higher  rate  of  lipid
peroxidation, as reflected in MDA content of leaves,
both with increasing level of drought and intensity of
light,  the  effect  being  synergistic  in  case  of
combination of intense light and drought (Fig. 12).
Oxidative  state  may  predominate  under  any
kind  of  stress  due  to  enhanced  production  of  ROS
resulting  in cellular  damages  (55).  Both  light  stress
and  drought  may  potentially  stimulate  ROS
generation  (38,  39,  55,  56),  which  is  mainly
responsible  for  oxidative  degradation  of
macromolecules  (DNA,  RNA,  proteins,  lipids,
chlorophylls etc.). Plants tolerant to such stresses are
likely  to  have  antioxidant  system  (antioxidant
compounds  and  enzymes)  activated  to  combat  the
oxidative  degradation  by  scavenging  ROS.  Present
study  revealed  that  combined  stress  of  light  and
drought  was  more  effective  in  stimulating
particularly  O2•‾ production in four varieties of rice
(Fig. 17), which may be ascribed to over excitation of
photosystems  and  disruption  of  photosynthetic
electron  transport.  Surprisingly,  H2O2 production
(Fig. 18), though increased under drought, decreased
with light stress except in IR36. Production of O2•‾ was
also reported to be higher while  that  of H2O2 to  be
lower under drought stress in some varieties of rice
(54,  57).  Lowering  of  H2O2 with  increasing  light
intensity  may  be  correlated  with  remarkable
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enhancement  in  the  activities  of  APX (Fig.  15)  and
CAT  (Fig.  14),  both  of  which  are  entrusted  for
scavenging of cellular H2O2. 
As  a  first  line  of  defence,  activity  of  SOD has
been reported  to  increase  under  water  stress  (54–
59).  Interestingly,  here  SOD  activity  was  found  to
increase with light intensity, but not with increasing
drought, although H2O2 (supposed to be generated by
SOD activity) accumulated significantly particularly
under extreme level of water stress, not in response
to  light  (Fig.  18).  Possibly  H2O2  might  have  been
produced from some alternative sources. Activities
of other antioxidant enzymes viz. CAT (Fig.14), POX
(Fig.  15)  and  APX  (Fig.  16)  also  increased  with
increasing  level  of  water  stress  and light  intensity
and  increase  was  aggravated  under  combined
stress. Again, CAT and APX were found to be more
responsive to light. Reports on increased activity of
POX and APX in rice under drought stress are there
(54, 60), although CAT activity was found to decline
during drought in case of  some rice varieties  (54).
Here also  CAT activity  declined at  higher  levels  of
stress  (below  25%  water  status)  under  lower
intensity of light, not at higher intensity. Apparently,
moderate  water  stress  induced  CAT  activity  while
higher  level  of  water  stress  caused  a  decline  in
activity unless light intensity is not too high, which
otherwise augmented CAT activity.
Conclusion
As  a  whole,  present  study  reveals  that  under
combination stress of light and drought rice varieties
showed  a  development  of  light-induced  oxidative
stress  apparently  through  ROS  production  as
aggravated by drought. Enhanced production of ROS
is  likely  to  occur  from  photosynthetic  electron
transport  system  in  the  irradiated  chloroplasts,
particularly  when there  is  a  spillover  of  excitation
energy  or  reducing  power  due  to  affected
photosystems and/or carbon fixation under drought
condition.  However,  a  potential  defence  against
stress is also apparent, as reflected in enhanced root
growth and antioxidant enzyme activities. 
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